point except for a monotropic change from the metastable to the stable form. In view of its wide solid range and highly symmetric molecular structure, the motion of methyl groups in the solid forms has now been studied by the nuclear magnetic resonance techniques.
In addition to the two solid forms reported in the literature, we discovered that a third unstable phase exists immediately below the freezing temperature by the method of differential thermal analysis. Fig. 1 shows the differential thermogram to indicate that there are three different melting points, IV, V, and VI, depending on how far down the specimen had been cooled before the heating run was taken. The three endothermic peaks correspond to the melting point of the c, j3, and r forms, as we now rename them . The peak I is the freezing of liquid into the a phase and the peak II is the monotropic transition to the p phase which is fairly stable to the lowest temperatures studied ('20 K) unless it is rewarmed.
The peak III is the transition to the most stable phase r. To avoid confusion, note that our j3 and r phases correspond to the c (metastable) and the j3 phases in the literature,l>-3> respectively.
The a phase melts at 166 K. Recent calorimetric investigations4) in our laboratory gave a value 790 J mol-1 for the heat of fusion of the a phase, corresponding to an entropy of fusion as small as 4.73 J K-1 mol-1. This clearly indicates that the c phase is a plastic crystal.
The situation is thus quite similar to the case of carbon tetrachloride.5>
Line shape and spin-lattice relaxation time T1 of nuclear magnetic resonance were measured of each phase of purified and degassed Si (CH3) 4 between 20 K (56 K for T1) and the melting points, except for the a phase which existed only down to 159 K. The T1 was measured at 10 MHz by the n -z -ic/ 2 pulse sequences.
i) a phase.
The line width is about 130 mG* at 159 K and narrows gradually to 80 mG at 165 K. This narrowing process represents progressive excitation of self-diffusion in the plastic phase with an apparent activation energy of 15±3 kJ mol-1. The results for the c phase generally agree with those obtained by Smith.6>
ii) S and r phase. The temperature dependence of the line width in the ~3 and r phases is shown in Fig. 2 . The absorption line narrows in two steps. The low-temperature narrowing around 50 K is accompanied by a change in the second moment from 11 G2 to 9 G2. The second narrowing occurs at 130 K in the ~3 phase and at 147 K in the r phase, after which the second moment drops to a value of 0.8 G2. It is significant to note that the low-temperature narrowing is quite insensitive to the crystal structure but the high-temperature narrowing depends on the difference in phase ; the former is probably related to intramolecular methyl motion and the latter to the overall molecular tumbling.
In fact, as [Vol. 51, width leaving a small contribution of intermolecular Bipolar interaction. Self-diffusion is not seen in the second moments of the j3 and the r phases.
Below 50 K, the absorption line is not broad enough to conform to the rigid-lattice width. Similar reduction in line width has been reported in other compounds containing methyl groups, e.g. penta-methylbenzene7~ and hexamethylbenzene,7~ ,8) and interpreted as due to quantum-mechanical tunnelling through potential barriers hindering reorientation of a methyl group about the C-C bond.° Consider a single methyl group having the C3 symmetry.
At 20 K we can safely assume that the methyl group is in the ground torsional state, which however splits into a singlet (symmetry A, 1=3/2) and a doublet (symmetry E, 1=1/2) levels by virtue of the tunnelling. When the tunnel-splitting 34 between the states A and E is much greater than the magnetic dipole energy, the only relevant contribution to the second moment arises from transitions between the Zeeman levels 3/2-> 1/2 and -1/2---3/2 in the A state, each shifted by an where r is the proton-proton separation in a methyl group. This is formally equivalent to the case of a rapidly reorienting classical methyl group and amounts to 5.4 G2 if r is chosen to be 0.179 nm. Since the intermethyl and intermolecular contributions remain rigid, the total second moment turns out to be 13.4±2 G2 in close agreement with the experimental value of 11 G2.
The temperature dependence of the spin-lattice relaxation time T1 is shown in , Fig. 3 for different phases.
With regard to the j3 phase, there is a maximum at 154 K and a minimum at 77 K. Separated by these two temperatures there are three regions of T1 with different temperature coefficients, suggesting that there are three different mechanisms of relaxation.
A comparison with the line-width results in Fig. 2 suggests that the dominant motional modes which govern the three regions are (a) the overall molecular tumbling above 154 K, (b) the classical methyl reorientation between 77 and 154 K, and (c) combination of the classical and quantal reorientation of Here, intermethyl interactions and cross-correlation ef-fect3~ have been ignored.
The values for zo and Ea were 0.5 ps and 6.3±0.2 kJ mol-1 for the p phase. The corresponding values for the ' phase were 0.42 Ps and 6.8±0.1 kJ mol-1, in good agreement with the values by Albert and Ripmeester.3>
The relaxation below 77 K is much faster than expected from Equation 2. If one subtracts from the observed T1 the contribution of Equation 2, a V-shaped T1 curve with a minimum of 17 ms at 60 K (in the case of j3 phase) or at 70 K (in the case of r phase) is obtained. The effect of the tunnelling motion on T1 has been a matter of discussion,7>>10~ but clearly there is some additional contribution to the lowtemperature T1 behavior although any qualitative interpretation can be no more than a speculation at the present stage of theory.
Details of experiments and analyses will be published elsewhere.
